Abstract. Hepatitis B virus (HBV) infection is a major cause of hepatic inflammation. Successful HBV clearance in patients is associated with sustained viral control by effector T cells. compared with acute hepatitis B, chronic HBV infection is associated with the depletion of T cells, resulting in weak or absent virus-specific T cells reactivity, which is described as 'exhaustion'. This exhaustion is characterized by impaired cytokine production and sustained expression of multiple coinhibitory molecules. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is one of many coinhibitory molecules that can attenuate T cell activation by inhibiting costimulation and transmitting inhibitory signals to T cells. Persistent HBV infection results in the upregulation of CTLA-4 on hepatic cd8 + T cells. This prompts CD8 + T cell apoptosis, and the activation of cytotoxic T lymphocytes is blocked. Similar to cd8 + T cells, CD4 + T helper (Th) cell proliferation is hindered following CTLA-4 upregulation. In addition, the differentiation of cd4 + Th is polarized toward the Th2/peripherally-inducible T regulatory cell types, increasing the levels of anti-inflammatory cytokines. Conversely, the activation of proinflammatory cells (Th1 and follicular helper T) is blocked, and the levels of proinflammatory cytokines decline. This review summarizes the current literature relevant to T cell exhaustion in patients with HBV-related chronic hepatitis, and discusses the roles of CTLA-4 in T cell exhaustion.
Introduction
Infectious viral hepatitis is a major public health problem worldwide. The number of global viral hepatitis deaths has recently increased. More than half of these viral hepatitis-related deaths are associated with chronic hepatitis B virus (HBV) infection (1) . China has made tremendous progress in controlling HBV infection, largely owing to the enactment of a universal hepatitis B vaccination program and implementation of effective health management programs (2) . However, the prevalence of the HBV surface antigen (HBsAg) (7.18%) is still high in Chinese adults (3) . HBV infection is a major cause of inflammatory liver disease. Of note, HBV is considered to be a 'mysterious' virus that is not readily sensed by the host immune system (4) . A large number of studies have demonstrated that effective antiviral therapy and successful HBV clearance in patients is associated with the breadth and depth of the proliferation and responses of HBV-specific T cells (5) . However, compelling evidence has suggested that the host immune system often exhibits weak or absent virus-specific T-cell reactivity following chronic HBV infection. This is referred to as T cell 'exhaustion', which is characterized by poor effector cytotoxic responses, decreased cytokine production and upregulated expression of multiple inhibitory molecules, including programmed cell death-1 (PD-1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and lymphocyte activation gene-3 (6) .
The human CTLA4 gene has an exon and intron structure similar to human CD28, it exhibits extensive homology at the nucleotide level, and it encodes a 233 amino-acid protein
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(CTLA-4) belonging to the immunoglobulin superfamily (7) . CTLA-4 consists of one V-like domain flanked by two hydrophobic regions, one of which has a structure suggesting that it may be anchored to the membrane (8) . It binds to CD80/CD86 with an affinity 20-fold higher than CD28, and functions to attenuate T cell activation by inhibiting costimulation and transmitting inhibitory signals to T cells (9, 10) . Polymorphisms in CTLA4 have been associated with susceptibility to multiple diseases, including type I diabetes (11) , primary biliary cirrhosis (12) and Graves' disease (13) . However, they are assumed to confer a higher risk for persistent HBV infection. A recent meta-analysis study demonstrated that CTLA4+49A/G polymorphisms were associated with the ability to resist HBV infection in the Asian population (14) .
2. Impact of CTLA-4 on HBV-specific CD8 + T cells cd8 + T cells circulating in the blood migrate to the liver, where they initially arrest in liver sinusoids by preferentially docking onto platelets that have previously adhered to the liver sinusoids. Upon detachment from platelets, the effector CD8 + T cells crawl intrasinusoidally, irrespective of the direction of the blood flow, and probe the underlying hepatocytes for the presence of antigen by extending filopodia-like protrusions through the sinusoidal fenestrae (15) . Effector CD8 + T cells recognize hepatocellular antigens and perform effector functions, while still in the intravascular space, and only later extravasate into the parenchyma (16) . Under conditions of chronic antigen stimulation, the CD8 + T cells exhibit dysfunctional responses, characterized by low cytokine secretion and increased apoptosis. Multiple inhibitory pathways have been implicated in this exhaustion of CD8 + T cells (17) . The relationship between coinhibitory receptors and CD8 + T cell immune functions has been previously elucidated in a murine model of lymphocytic choriomeningitis virus (LCMV) infection (18) . However, Legat et al (19) found no major impairment of cytokine production in CD8 + T cells positive for a broad array of inhibitory receptors following chronic antigen stimulation. Furthermore, when they analyzed CD8 + T cells from blood, metastatic lymph nodes (LNs) and normal LNs from melanoma patients, the results demonstrated that altered expression of inhibitory receptors was not associated with cytokine production, but was strongly correlated with T cell differentiation or T cell activation state.
In a previous study, programmed death-1 (PD-1) pathway-mediated inhibitory signals were demonstrated to serve a key role in CD8 + T cell exhaustion during persistent viral infection (18) . However, the exhaustion could not be completely reversed by PD-1 blockade alone, and full restoration required a combined PD-1/CTLA-4 blockade (20) . The critical immunoregulatory role of CTLA-4 in induced peripheral immune tolerance is illustrated by the massive and fatal lymphoproliferation that occurs in CTLA-4-deficient mice (21) . During the symptomatic phase of acute Hepatitis A (AHA), CTLA-4 is highly expressed on virus-specific CD8 + T cells, and functions as an inhibitory molecule that suppresses cytotoxic T-cells and prevents the destruction of virus-infected hepatocytes to avoid the occurrence of severe acute hepatitis (22) . However, during hepatitis C virus (HCV) infection, high expression of CTLA-4 on CD8 + T cells lead to increased susceptibility of the cells to spontaneous apoptosis (23) . By contrast, functional skewing of the global CD8 + T cell population led to impairment in their ability to produce cytokines [interleukin (IL)-2, interferon (IFN)-γ and tumor necrosis factor (TNF) α] and to proliferate in cells with chronic hepatitis B virus (CHB) infection (24) . Similar findings have been reported by Wongjitrat et al (25) ; CD8 + expressing CTLA-4 molecules in CHB-infected patients were significantly higher compared with healthy controls, and CD8 + T cells presenting CTLA-4 might contribute to the impaired immune response and the failure of immunological control of the persisting pathogens. However, it is astounding that children and young adults with CHB infection in the period of immune tolerance (IT) are not associated with an immune profile of T cell tolerance, but have an HBV-specific immune profile (26) . In addition, the expression of CTLA-4 and other inhibitory receptors (such as lymphocyte activating 3, hepatitis A virus cellular receptor 2, and leukocyte associated immunoglobulin like receptor 1) was not increased on HBV-specific CD8 + T cells from peripheral blood mononuclear cells (PBMCs). This may seem controversial to the viewpoint that immunity is not activated in younger CHB patients. Velazquez et al (27) may propose a possible explanation, as this review considered that the cd8 + T cells expression of the C-C motif chemokine ligand 3 (CCL3), which is involved in migration, was impaired in the immune tolerant cohort, compared with healthy controls and immune active CHB patients. The absence of CCL3 may prompt a potential migratory defect that could hamper functional HBV-specific CD8 + T cells from gaining access to virus-infected hepatocytes. Under these conditions, immune tolerance would be largely a matter of sequestration.
However, continuous exposure to high concentrations of HBV antigens (HBeAg, HBsAg, HBx) exhausts a large proportion or the majority of CD8 + T cells, which is associated with gradual upregulation of CTLA-4 expression (6). There is insufficient information to explain the relationship between the upregulated expression of CTLA-4 on CD8 + T cells and chronic HBV infection. Recent findings by Peng et al confirming that HBeAg may increase the expression of CTLA-4 on CD8 + T cells and that this was associated with a high HBV DNA load, may lead to some breakthroughs, but the pathway underlying this effect remains unclear (28) . It is possible that research focusing on other diseases may provide clues into these mechanisms. Recently, it was demonstrated in tumor models that the mannose receptor (MR) antigens were internalized and processed specifically for cross-presentation, which may have resulted in upregulated expression of CTLA-4 on CD8 + T cells. The regulatory effect of the MR was mediated by a direct interaction with cd45 on the cd8 + T cells, inhibiting its phosphatase activity, which prevented the expression of B-cell lymphoma 6 (Bcl-6), a transcriptional inhibitor that directly binds the CTLA-4 promoter and regulates its activity (29) . This pathway may be one reason for the immune escape of tumor cells that induces the development and metastasis of tumors. However, the upregulation of CTLA-4 is accompanied by a high level of BCL2 interacting mediator of cell death (Bim) on cd8 + T cells following HBV infection. Bim is a proapoptotic member of the BCL2 family, a protein important for regulating apoptosis (30) . The activation of Bim can induce BCL2 associated X (Bax) expression, thus increasing cell apoptosis via the mitochondrial pathways (31) . In addition, it was demonstrated that cd206 + macrophage-derived amphiregulin promoted the immunosuppressive activity of intrahepatic regulatory T cells (Treg) by inducing mammalian target of rapamycin (mTOR) activation, upregulating CTLA-4 expression on Treg cells, and subsequently restraining the antiviral activity of CD8 + T cells during chronic HBV infection (32) . As a result, the proliferation of cd8 + T cells and their activation into CD8 + cytotoxic T cells (CTL) was blocked ( Fig. 1) . Encouragingly, the CD8 + T cells could be rescued by reducing the HBV DNA load, and the immune response to the HBV protein was enhanced (33) . Schurich et al (30) similarly demonstrated that the function of IFN-γ-secreting HBV-specific CD8 + T cells could improve after viral load reduction, but without any effect on the CTLA-4 or Bim levels. It should be noted that the latter study was based on a cohort of CHB patients commencing antiviral therapy, all of whom had been treated for 18 months or less. Long-term antiviral therapy may be necessary to change the CTLA-4 and Bim levels and their impact on CD8 + T cells.
CTLA-4 mediates HBV-specific dysfunctions in CD4 +

Th cell differentiation
Naïve T cells may differentiate into CD4 + T helper (Th) cells following antigen stimulation. A variety of CD4
+ Th cell subsets has been confirmed, including Th1, Th2, peripherally-inducible Treg (iTreg), and follicular helper T (TFH) (34) . HBV infection can induce a variety of inhibitory molecules and upregulate their expression on CD4 + Th cells. For example, HBV core protein (HBc) induces PD-1 upregulation through activation of the c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)/AKT pathways (35) . HBV surface protein (HBs) enhances transcription of human protein inhibitor of activated STAT1 (hPIAS1) dependent on the activation of P38MAPK and ERK signal pathways, which might contribute to the ineffectiveness of treatment in CHB patients (36) . Recently, Raziorrouh et al (37) analyzed the HBV-specific CD4 + T cells from the peripheral blood of CHB patients using a newly-established DRB1*01-restricted MHC class II tetramer, and demonstrated that the frequencies and functions of cd4 + T cells were diminished in these patients compared with healthy controls. When the levels of multiple inhibitory receptors on cd4 + T cells were examined, it was noted that PD-1 was strongly upregulated. However, the levels of CTLA-4 were similar to those in healthy controls, suggesting that CD4 + T cell dysfunction that occurs during chronic HBV infection is associated with strong PD-1 upregulation, but not associated with CTLA-4. However, other studies have demonstrated that the cytoplasmic tail of CTLA-4 is associated with the medium chain of the clathrin adaptor, AP-50, which correlates with CTLA-4 endocytosis, so the majority of CTLA-4 is rapidly endocytosed away from the cell surface and is localized in intracellular stores (38) . Thus, it is difficult to detect CTLA-4 on the surface of activated cd4 + T cells. There are a variety of ways in which CTLA-4 may interfere with cd4 + Th cells. First, CTLA-4 may scavenge B7 ligands, rendering them unable to bind CD28 (39) . Second, it may disrupt the localization of CD28 in the immunological synapse (40) , thus altering the immune responses, because CTLA-4 can bind the lipid kinase PI3K, and the protein tyrosine phosphatase non-receptor type (PTPN) 11 (also known as SHP2) (41) . In addition, CTLA-4 may recruit protein tyrosine phosphatases to induce the negative feedback regulation of T cell receptor (TCR) signaling, perhaps via PTPN6 (also known as SHP1), by dephosphorylating the site of the immunoreceptor tyrosine-based activation motif in CD3, and via PTPN22 (also known as Lyp), by dephosphorylating the cd3ζchain, zeta chain of T cell receptor associated protein kinase 70 (ZAP-70), and lymphocyte cytosolic protein 2 (LCP2, also known as SLP-76) (42).
Effects of CTLA-4 on the Th1, Th2 and TFH subtypes of CD4 + Th cells
Depending on the cell environment, CD4 + Th cells can differentiate into different subtypes (43) . Several factors likely contribute to CD4 + Th cell dysfunction in chronic HBV infection, including the action of Treg cells (which secrete large quantities of IL-10 and TGF-β), the depletion of arginine in the inflamed liver microenvironment, and enhanced CD4 + Th cell apoptosis in the tolerogenic liver environment (5, 17) . Notably, these effects are amplified by the upregulation of CTLA-4 expression on cd4 + Th cells (Fig. 2) . Tang et al (44) demonstrated that the expression levels of the CD28 family receptors (PD-1 and CTLA-4) in the CD4 + Th cells were increased in CHB patients compared with healthy controls. Additionally, the frequency of Th1 cells was lower compared with Th2 cells in the peripheral blood of these patients. In a subsequent experiment, the authors cultured PBMCs pulsed with anti-CTLA-4 in vitro, and demonstrated that the frequency of Th1 cells increased, while the frequency of Th2 cells decreased. The mechanism by which CTLA-4 affects the polarization of cd4 + T cells toward a Th2 phenotype is not entirely clear, but it has been confirmed that CTLA-4 can change the structure of immune synapses, which serve a pivotal role in T cell proliferation and differentiation (45) .
The classical immunological synapse is described as a central supramolecular activation cluster, which involves molecules, such as the TCR, CD28, protein kinase Cθ (PCKθ), and lymphocyte-specific protein tyrosine kinase (Lck) (46) . In the presence of cTLA-4, cd4 + T cells fail to form this cluster of TCR, Lck and PCKθ. Lck binds the cytoplasmic domain of CD4 and CD8 molecules in T cells, which are continuously phosphorylated in resting T cells. After being recruited to the TCR-pMHC-complex with CD4 + or cd8 + T cells, Lck phosphorylates the tyrosine in the immunoreceptor tyrosine-based activation (ITAM) motif of CD3's cytoplasmic domain, which is responsible for TCR-induced intracellular signal initiation from tyrosine phosphorylation (47) . Therefore, the absence of Lck blocks intracellular signal transduction. A lack of TCR clustering in the immune synapse affects antigen presentation via the MHCII receptor and the TCR receptor (signal 1). The nature of activation (signal 1), defined by the strength of the TCR stimulation, can affect the polarization of T helper cells towards Th1 or Th2, in which a high affinity interaction favors Th1 development and a low affinity interaction drives Th2 development (48) . Smeets et al (49) recently confirmed that phorbol 12-myristate 13-acetate (PMA)/CD3 stimulation enhances the Th1-like response in a Lck-and PKC-dependent manner, whereas PMA/CD28 stimulation results in a Th2-like phenotype, independent of the proximal TCR-tyrosine kinase Lck. It is intriguing to speculate that a lack of Lck and PKCθ in the immune synapses of CD4 + Th cells may polarize them towards a Th2 phenotype.
Regardless of the mechanism, it has been clearly demonstrated that cTLA-4 induces the differentiation of cd4 + Th cells toward the Th2 cell phenotype, and increases the frequencies of these cells in the liver and peripheral blood. However, higher expression of CTLA-4 might be a consequence of a low responsiveness by Th2 cells to CTLA-4 function, and a lack of the TCR cluster in the immune synapse hinders the proliferation of these cell and their synthesis of cytokines vaccine, which was constructed by linking the extracellular domain of CTLA-4 with HBsAg, led to breakdown of IT to viral infection in HBV transgenic mice (51) . The underlying mechanism may be an increase of Th, Th2 and HBsAg-specific cd8 + T cell responses, as well as CTL, following vaccination with this vaccine. These findings underline the complex impact of CTLA-4 on the immune response.
TFH cells represent a class of effector CD4 + Th cells that regulate the stepwise development of antigen-specific B cell immunity and memory B cell responses by deploying C-X-C motif chemokine receptor 5 (CXCR5) + TFH cells (52). However, effective immunologic homeostasis appears to be reliant on maintaining an appropriate level of CD28 engagement. The CD80/CD86-CD28/CTLA-4 costimulatory pathway can provide a pivotal signal for T cells activation. In the absence of CTLA-4, excessive CD28 engagement with CD80/CD86 can activate peripheral T cells, and leads to their spontaneous differentiation, resulting in TFH-mediated lethal tissue injury. Recent research has confirmed that CTLA-4-deficient mice die at a young age, which has been suggested to be due to a rapid development of multiorgan lymphocytic infiltration and tissue destruction (53) . Remarkably, short-term blockade with an anti-CTLA-4 antibody is sufficient to elicit TFH generation in wild-type mice. CTLA-4 acts by downregulating CD80 and CD86 on antigen-presenting cells (APCs), thereby altering the level of CD28 engagement, resulting in tailored modulation of the TFH response (54) . It is clear that the expression of costimulatory ligands on APCs fluctuates in response to environmental stimuli, with their expression being upregulated by inflammatory cytokines and TLR agonists and downregulated by CTLA-4 expression on Treg cells (55) . Therefore, during HBV infection, CTLA-4 may downregulate costimulatory ligands to block TFH differentiation and effector responses. The effector responses of TFH, via production of IL-21, appear to have a significant role in facilitating HBeAg seroconversion (56).
Upregulating the expression of CTLA-4 may improve the function of Treg cells
Treg cells are broadly subdivided into two major subtypes: Thymus-derived natural Treg (nTreg) cells and peripherally-inducible Treg (iTreg) cells (57) . iTreg cells have a large repertoire of self-specific and non-self-specific T-cell receptors and have been detected in several human infectious diseases (58) . Highlighting the importance of CTLA-4 in the suppression of the immune response, cTLA-4 expression and signaling are essential for Treg cells to execute their suppressive function (59) . CTLA-4 can induce a costimulatory blockade either by sequestering or removing costimulatory ligands from the surface of APCs (perhaps via transendocytosis), and might also stimulate these cells to secrete indoleamine 2,3-dioxygenase (IDO), which limits the availability of tryptophan and metabolically suppresses the activation of naïve T cells (60) . Direct mutation of CTLA-4 or CTLA-4 deficiency leads to defective Treg cell function, which is associated with an impaired ability to control the levels of the CTLA-4 ligands, CD80 and CD86 (61) . In addition, CTLA-4 may strengthen of CTLA-4. Therefore, it can be speculated that an imbalance of cytokines in the microenvironment of the liver may be one of the reasons. A recent study indicated that total Treg cell frequencies were affected by IL-2, and the strongest Treg cell suppressive phenotype was observed under low-dose IL-2. It was hypothesized that low-dose IL-2 promotes STAT5 phosphorylation and subsequently upregulates CTLA-4 (71). Nevertheless, the relationship between the proteins of HBV and CTLA-4 expression following CHB infection remain unclear.
There have recently been conflicting findings regarding the function of Treg cells (Table I ), suggesting that their activation may not be entirely dependent on CTLA-4. Treg activation can be mediated by forkhead box P3 (Foxp3), as it serves a central role in directing the regulatory program (72) . Foxp3 expression is essentially confined to CD4 + cd25 + cells and is responsible for the regulatory activity of this subset of cells. Accordingly, the adoptive transfer of cd4 + cd25 + T cells from wild type mice can rescue scurfy mice, which are deficient in Treg cells, from lymphoproliferative syndrome. Retroviral expression and transgenic expression of Foxp3 in CD25
-T cells have been demonstrated to endow them with regulatory functions, and even induce regulatory activity in CD8 + T cells (73) . Consistent with the large body of evidence obtained in mouse models, mutations in the Foxp3 gene in humans are associated with defective immune regulation, manifesting as a syndrome that has been termed 'immune dysregulation polyendocrinopathy enteropathy Xlinked' (IPEX) (74) . Together, these findings suggest that Foxp3 and CTLA-4 exhibit some redundant functions and can function independently of one another. cTLA-4 -/-bone marrow died, and while transgenic overexpression of Foxp3 could delay the lethality in CTLA-4 -/-mice, it could not completely rescue the mice (73) . Hence, effective immune regulation by Treg cells requires the co-expression of Foxp3 and CTLA-4. In conclusion, these findings suggest that upregulation of CTLA-4 in Treg cells in HBV infection patients is involved in the immunopathogenesis of acute Hepatitis B (AHB) to CHB.
CTLA-4 downregulates an array of cytokines
Cytokines mediate the non-cytolytic clearance of HBV, and have been demonstrated to control HBV replication and to contribute to curing HBV in several disease models (76) . IFN-γ restricts HBV entry by inducing soluble factors that bind to heparan sulfate proteoglycan (HSPG) and block HBV attachment (77) . IL-1β regulates sodium taurocholate cotransporting polypeptide (NTCP) expression to inhibit HBV infection (78) . IFN-γ and TNF-α interfere with covalently closed circular DNA (cccDNA) integrity and stability by inducing cccDNA deamination and subsequent degradation in HBV-infected primary human hepatocytes and HepaRG cells (79) . IL-6 may reduce cccDNA and HBsAg secretion (80) . CTLA-4 has been demonstrated to be a major and specific regulator of the production of both pro-and anti-inflammatory cytokines. In the dominant negative transforming growth factor β receptor II (dnTGFβRII) mouse model, CTLA-4 Ig quickly reduced the level of intrahepatic proinflammatory cytokines, thereby reducing the bile duct damage (81) . Blockade of CTLA-4 resulted in increased secretion of granulocyte-macrophage colony stimulating factor (GM-CSF), IL-1, IL-2 and IFN-γ by CD4 + Th cells (82) . Similar to CD4 + Th cells, CD8 + T cells exhibited an enhanced ability to control HBV infection following inhibition of CTLA-4. Virus-specific cd8 + T cells can function in two different ways during an interaction with HBV-producing hepatocytes. When they are cytolytic, they can induce the clearance of intrahepatic cccDNA by killing a fraction of the infected cells. The noncytolytic activity is mediated by an array of cytokines, including IFN-γ, TNF-α and IL-2 (83). When CTLA-4 is silenced by RNA interference in in vitro cultures of PBMCs derived from cHB-infected patients, an enhanced secretion of IFN-γ and IL-2 were observed. Furthermore, when the CD8 + T cells from CHB patients were treated with anti-CTLA-4 antibodies, the levels of IFN-γ, TNF-α and IL-2 were significantly increased following stimulation with an HBV peptide (28, 84) . Finally, Pedicord et al (85) confirmed that anti-CTLA-4 antibodies could enhance the memory formation, function, and maintenance of cd8 + T cells. The above studies confirmed that CTLA-4 decreases the synthesis of many proinflammatory cytokines. However, further studies are required to determine the specific mechanisms involved.
Conclusion
This review summarized the current literature highlighting the negative effects of CTLA-4 in the context of chronic HBV infection (Table II) . Although the specific mechanisms leading to the upregulation of CTLA-4 on T cells remain unclear, CTLA-4 has been demonstrated to inhibit HBV-specific T cell Table II . Immunological characteristics and clinical manifestations following upregulation of CTLA-4.
Immunological characteristics immune responses. Anti-CTLA-4 antibodies have exhibited immunomodulatory effects in patients with hepatocellular carcinoma and chronic hepatitis C (86). The mechanism underlying the antitumor and antiviral activity of these antibodies may be associated with a recovery of the function of the host T cells, as well as decreased deletion of T cells by blockade of CTLA-4. However, severe immune-mediated adverse events may limit the clinical potential of such treatments. Therefore, future studies are needed to explore the specific effector T-cell response that may be regulated by CTLA-4, as well as potential T cell-independent mechanisms. 
